Aims To evaluate the impact of renal insufficiency (RI) on long-term mortality and incident myocardial infarction (MI) in patients undergoing coronary artery bypass grafting (CABG). Methods and results All patients (n ¼ 6575) without dialysis-dependent RI undergoing a first isolated CABG during 1980-1995 at the Karolinska hospital who survived 30 days post-operatively were included. Estimated glomerular filtration rate (eGFR) was related to the incidence of MI and all-cause mortality within 5 years. There were 628 deaths and 496 incident MIs during follow-up. After multivariable adjustment, patients with mild (eGFR 60-90 mL/min), moderate (eGFR 30-60 mL/min), and severe (eGFR ,30 mL/min) RI had an increased mortality within 5 years post-CABG; hazard ratio (HR) 1.2 [95% confidence interval (CI) 1.0-1.6], HR 1.8 (95% CI 1.3-2.4), and HR 5.2 (95% CI 3.1-8.6), respectively, compared with patients with normal renal function (eGFR .90 mL/min). In patients with moderate and severe RI, there was an increased incidence of MI; HR 1.5 (95% CI 1.1-2.1) and HR 3.5 (95% CI 1.8-6.8), respectively. There were no gender differences. Conclusion Already mild RI predicts late all-cause mortality after coronary artery bypass grafting (CABG), and moderate and severe RI is associated with an increased long-term incidence of MI post-CABG.
Introduction
Patients with renal insufficiency (RI) have an increased risk of cardiovascular events independent of other risk factors. 1, 2 In patients undergoing coronary artery bypass grafting (CABG), RI is associated with an increased risk of post-operative complications and early death. [3] [4] [5] Only few studies have assessed the long-term prognostic importance of RI after CABG. [6] [7] [8] [9] [10] In some long-term studies, renal function has been defined according to the levels of serum creatinine and not to estimated glomerular filtration rate (eGFR). 6, 7 Since serum creatinine concentrations are influenced by several other factors than the filtration of creatinine, assessment of renal function will be improved by using eGFR. These studies have used a serum creatinine level of at least 1.5 mg/dL (133 mmol/L) to define mild RI. 6, 7 By using this definition, the true number of patients with RI will be underestimated and renal function will not be classified according to current guidelines. 11 Other studies have used eGFR, but definitions of renal function have varied making it difficult to compare and interpret data. [8] [9] [10] Important aspects not covered by earlier long-term follow-up studies on patients undergoing CABG is what impact RI has on cardiovascular morbidity and to what extent there may be gender differences. Since the majority of patients undergoing CABG are male, and women have lower eGFR at the same age, weight, and serum creatinine levels, it is important to investigate if the impact of RI on long-term prognosis differs between men and women. Thus, to our knowledge, no earlier study has reported the association between RI and long-term risk of incident myocardial infarction (MI) in patients undergoing CABG or reported gender-specific analysis regarding the association between RI and long-term prognosis in this population.
The objective of this study was to investigate to what extent RI assessed by eGFR and classified according to guidelines from the National Kidney Foundation, 11 was associated with mortality and incident MI during 5 years after CABG in both men and women without dialysis-dependent RI undergoing a first isolated CABG.
Methods Patients
We included all patients without dialysis-dependent RI who underwent a first CABG without any concurrent intracardiac or vascular procedure at the Karolinska Hospital in Stockholm, Sweden between 1980 and 1995 and survived 30 days post-operatively (n ¼ 6575). During this period, 12 patients with end-stage renal failure requiring dialysis underwent CABG at the same hospital. Within 30 days of surgery, 136 (2.0%) patients died. These patients were not included in this study. We have previously reported early mortality in relation to renal function in this cohort. 5 All patients were operated on during cardiopulmonary bypass.
Of 6575 patients included in the study, 6377 (97%) had complete data on the following information registered from medical records: age, sex, height, weight, diabetes mellitus (DM), hypertension, hyperlipidaemia, peripheral vascular disease, year of surgery, left main coronary artery stenosis, number of significantly obstructed coronary arteries, prior stroke, prior MI, unstable angina during the current admission, serum creatinine concentration, dialysis-dependent renal failure, and prior cardio-thoracic surgery (CABG, valve procedure or any thoracic vascular surgery). In 1118 (17%) of the patients, information on left ventricular function (LVF) was not available.
The study complies with the Declaration of Helsinki and it was approved by the Ethics Committee at the Karolinska Institute.
Renal function
Serum creatinine was measured at the time of hospital admission, usually the day before surgery. In some elective cases, blood samples were taken before hospital admission, but always within 4 weeks of surgery. Coronary angiography was normally performed several weeks before measurement of serum creatinine. During the entire study period, serum creatinine was analysed by the same method 12 and at the same laboratory. eGFR was estimated using the equation of Cockroft and Gault: (140-age) Â (weight in kg)/[72 Â (serum creatinine in mmol/L/88.4)]for men. In women, the value was multiplied by 0.85. 13 RI was defined according to guidelines from the National Kidney Foundation. 11 Normal renal function was defined as eGFR of 90 mL/min or more. Mild, moderate, and severe RI were defined as eGFR 60-90, 30-60, and , 30 mL/min, respectively. eGFR could not be estimated in 149 (2%) patients due to missing data on serum creatinine (n ¼ 99), weight (n ¼ 12), or serum creatinine and weight (n ¼ 38).
Definitions
Patients were defined as having diabetes if they were taking insulin or oral hypoglycaemic agents and as having hypertension if taking anti-hypertensive medication. Patients taking lipid-lowering agents were defined as having hyperlipidaemia. A coronary artery was defined as significantly obstructed if the luminal diameter was narrowed at least 50%, estimated visually by the physician performing the coronary angiography. Left ventricular function was assessed by pre-operative contrast ventriculography or echocardiography and categorized as normal, reduced, or severely reduced according to the assessment of the thoracic surgeon or the physician performing the ventriculography or the echocardiography. Peripheral vascular disease was defined as a history of exertional claudication and/or prior revascularization to the legs. The patients were classified as having unstable angina if they were admitted to the hospital because of angina at rest, new onset, or accelerated angina within 4 weeks of the operation or angina within 2 weeks of an MI. Body mass index (BMI) was calculated by dividing weight in kilograms by the square of height in metres.
Outcome data
Every person living in Sweden has a unique identification number that was used for record linkage to registers of death and MI, respectively. In the study population, mortality was ascertained during follow-up, as well as prior to surgery, by means of record linkage to the National Cause-of-Death Register, where all the deaths in Sweden are registered with essentially complete coverage. New cases of MI during follow-up were identified by record linkage using information from registers of hospital discharges in Stockholm County (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) ) and nationally (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) as well as from the National Cause-of-Death Register. To avoid one MI being counted for twice, all hospital discharges and deaths with a diagnosis of MI, code 410 in the international classification of diagnosis (ICD) 9 and code I21 in ICD 10 were combined. All MIs recorded within 28 days were considered to reflect the same MI episode. 14 This method of case ascertainment has been found to have high sensitivity and positive predictive value in detecting incident cases of MI in a defined population in Sweden. 15 
Statistical analyses
Patient characteristics for subjects with different levels of eGFR were presented using means with one standard deviation and proportions. Survival during 5 years after CABG in subjects with normal renal function and mild, moderate, or severe RI was analysed using Kaplan-Maier survival curves. The hazard ratio (HR) of death and/or incident MI was estimated crude and in multivariable analysis using Cox's proportional hazards regression. The main purpose of the multivariable analyses was to assess the association between RI and mortality or MI, respectively, while adjusting for potential confounding factors. In order to preserve statistical precision, we aimed towards a parsimonious model including only variables that contributed to reduce confounding. To obtain this, we used a change-in-point-estimate strategy, 16 where all variables listed in Table 1 were considered for inclusion in the model and only those that influenced the point estimate of the HR by at least 0.1 when adjusted for in the multivariable analysis were finally used. The set of confounders obtained in this way were similar for different outcomes. The same full model was used at all times for the results presented in this paper including adjustment for age, year of surgery, DM, number of obstructed coronary arteries, hypertension, peripheral vascular disease, unstable angina, and left ventricular function. Estimates of HR were accompanied by asymptotic 95% confidence intervals (CI). To assess the proportional hazards assumption, we examined log cumulative hazard plots, the Nelson-Aalen cumulative hazard function, and martingale residuals for the entire study period and separate by period of surgery. These examinations did not indicate violations of the proportional hazards assumption. In the multivariable analysis, age was included in the model as a continuous variable and other variables in general as dichotomous representing presence or absence of the characteristic. Year of surgery was subdivided into the categories 1980-1984, 1985-1989, and 1990-1995 . Left ventricular function was categorized as normal, reduced, or severely reduced. Adjustment for confounding from age did not appear to improve when age was entered into the model with a quadratic term. The Cochran-Armitage test for trend was applied to evaluate the change in risk factors, mortality, and MI, respectively, by ordinal category of eGFR.
Results

Patient characteristics
There were 1249 (19%) women and 5326 (81%) men in the study population. Defining renal function according to current guidelines, 11 normal renal function was present in 29% of the patients. Forty-nine percent had mild, 21% moderate, and 1% severely reduced renal function (Table 1) . With increasing degree of RI, the patients were older, had lower BMI, were more likely to have unstable angina, hypertension, a history of MI or stroke, peripheral vascular disease, DM, three-vessel disease, left main coronary artery stenosis, and severely reduced LVF. In 17% (n ¼ 1118) of the patients, information on LVF was not available ( Table 1) . Among these patients, most characteristics available did not differ compared with patients with information on LVF.
There were 299 (5%) patients with MI within 30 days before surgery. Sixty-two of these patients had their MI within 7 days before undergoing CABG. Only 263 (4%) patients underwent surgery within 24 h of coronary angiography.
During the 15 year study period, the proportions of mild, moderate, and severe RI changed from 48, 12, and 1%, respectively, during 1980-1984 to 27, 25, and 1%, respectively, during 1990-1995. The average age at surgery was 64 for women and 61 for men, and increased during the study period from 58 and 56 years during 1980-1984 to 66 and 64 years during 1990-1995.
Mortality and MI
There were 628 (10%) deaths and 496 (8%) incident fatal or non-fatal MIs within 5 years of CABG. Of the patients experiencing an MI, 176 (35%) died within 30 days of the event. Among patients (n ¼ 149) without information on eGFR, 14 (10%) died and 11 (7%) had a fatal or non-fatal MI during follow-up. In total, 908 (14%) patients reached the combined endpoint of death or non-fatal MI during follow-up. There were 19 (13%) patients with this combined endpoint among patients with missing information on eGFR.
We found a substantially lower 5 year survival in patients with severe RI compared with those with better renal function ( Figure 1 ). In patients with mild and moderate RI, survival after 5 years was also reduced to 91 and 85%, respectively, compared with those with normal renal function, 94%. These differences persisted after adjustment for potential confounding factors; and with the application of a more differentiated classification of RI, long-term mortality increased gradually with decreasing eGFR (Figure 2) . At all levels of RI, an increased mortality within 5 years was present even after multivariable adjustment ( Table 2) . Compared with patients with normal renal function, those with moderate and severe RI had almost two and five times increased risk of dying within 5 years of surgery, respectively. In addition, the incidence of MI was increased in patients with moderate and severe RI. Similar results were obtained in analyses of the combined endpoint death or non-fatal MI. An estimated GFR ,60 mL/min was associated with an increased incidence of non-fatal MI or death compared with an estimated GFR .60 mL/min, in both men and women ( Table 3) . In terms of relative risk, RI was a strong risk factor of long-term mortality compared with other risk factors also influencing the long-term prognosis after surgery (Table 4) .
During all three time periods, [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] , and 1991-1995, eGFR ,60 mL/min was associated with a higher mortality or MI incidence within 5 years; HR 1.6, (95% CI 1.0-2.7), HR 1.6 (95% CI 1.1-2.5), and HR 1.6 (95% CI 1.1-2.2), respectively, compared with eGFR .60 mL/min.
In analyses of eGFR as a continuous variable, each 10 mL/ min increase in eGFR decreased the risk of death within 5 years of surgery by 12%; HR 0.88 (95% CI 0.84-0.93) per 10 mL/min increase in eGFR after multivariable adjustment for confounders.
Mortality within 5 years of surgery according to quartiles of serum creatinine was also assessed. Serum creatinine was ,84, 85-96, 97-109, and .110 mmol/L, respectively, in quartile one to four. The relative risk of death for patients in quartile two, three, and four compared with quartile one was, HR 1.0 (95% CI 0.8-1.3), HR 1.1 (95% CI 0.9-1.5), and HR 1.5 (95% CI 1.2-1.9), respectively, after multivariable adjustment for confounders.
Receiver operator characteristics curves were used to analyse the sensitivity and specificity of eGFR and serum creatinine, respectively, for the identification of long-term deaths after CABG. The areas under the curves were 0.756 for eGFR and 0.761 for serum creatinine, respectively, yielding no statistically significant difference. Among patients with normal renal function who died during follow-up, 63% died of cardiovascular causes including stroke. The corresponding figures for mild, moderate, and severe RI were not much different, 67, 71, and 64%, respectively. Cancer was the underlying cause of death among 20% of patients with normal renal function, 15% of patients with mild or moderate RI, and among 3% of patients with severe RI. Among patients with severe RI, one (3%) had renal failure as underlying cause of death. Among those with moderate and mild RI, the corresponding figure was 1% in each category.
Discussion
Our results demonstrate that already mild RI predicts longterm mortality and moderate and severe RI predicts longterm risk of MI in patients undergoing CABG. Our data are consistent with results in previous studies on long-term mortality in patients with RI undergoing CABG. [6] [7] [8] [9] [10] A majority of patients undergoing CABG are male. In our study, there were 19% women included. At the same age, weight, and level of serum creatinine women have a lower eGFR while there may be a different qualitative relationship between renal function and risk of future cardiovascular disease in women. However, the association between RI and long-term outcomes were similar in both men and women. This indicates that RI as a determinant of future MI and death after CABG is as important in women as in men.
Earlier studies have demonstrated RI to be a strong predictor of mortality within 30 days of CABG. [3] [4] [5] We have shown calculated creatinine clearance to be superior to serum creatinine concentrations as a predictor of early outcomes in this study population. 5 Post-operatively, patients with RI have an increased risk of acute renal failure, bleeding, stroke, and prolonged ventilation. 3, 4 Patients who develop acute renal failure and require haemodialysis have a markedly increased rate of early mortality. 17 We excluded patients who died within 30 days of surgery, since it may be other mechanisms that cause the long-term compared with early increase in risk of an adverse outcome in patients with RI. By doing this, our cohort essentially consisted of patients with stable coronary heart disease (CHD). Other physicians than cardiologists often care for these patients. Family doctors often manage them, and information to other parts of the medical community in addition to cardiologists, internists, and thoracic surgeons on the predictive power of RI on future death and MI is needed. Our data indicate that RI should be regarded as an important risk factor for death and MI alongside hyperlipidaemia, smoking, diabetes, and hypertension, in patients who already have or is at high risk of developing CHD. We think that in view of emerging evidence, RI should also be considered in future risk prediction models. This is not the case in the recently developed European SCORE risk prediction system. 18 It is unclear by which mechanisms RI influence long-term risk in patients with CHD. For those surviving the initial post-operative period, RI may accelerate atherosclerosis increasing the risk of new cardiovascular events. RI may be a marker for undiagnosed vascular disease or a marker for the severity of vascular damage. It is also possible that in the presence of RI, traditional risk factors such as smoking, hyperlipidaemia, hypertension, and DM will have a different qualitative relationship with cardiovascular events. 19 With increasing degree of RI, patients were older and had more comorbidity compared with patients with normal renal function. Adjustment, in particular, for age but also other confounders influenced HRs substantially, but RI remained strongly associated with long-term MI and death.
Some studies have suggested that patients with RI are less likely to receive medication or therapies known to lower the risk of a future cardiovascular event such as betablockers, angiotensin-converting-enzyme inhibitors, thrombolytic therapy, and percutaneous coronary intervention. 20, 21 However, patients with RI do have similar benefit of these therapies as patients with normal renal function. 22, 23 Our patients were recruited during a relatively long period, 15 years. During this period, the average age at surgery increased considerably and moderate or severe RI became more common. When dividing this period into three, we found that our results were consistent throughout the entire period. This may indicate that our results are robust to changes or differences in patient characteristics and medication.
A growing number of the general population has kidney disease. In the US, an estimated 11% of the adult population have chronic kidney disease. 11 The number of patients with kidney failure treated by dialysis or kidney transplantation is expected to double between 1998 and 2010. 23 A serum creatinine level of 1.5 mg/dL (133 mmol/L) has often been used as the cut-off between normal renal function and RI in cardiovascular studies. Using this definition, 94% of our patient population would have had normal renal function and only 6% RI. In the present study, we estimated GFR and 71% of the patients had decreased GFR (eGFR ,90 mL/min) and 21% had chronic kidney disease defined as eGFR ,60 mL/ min. 11 Only 29% had normal renal function. This demonstrates that the prevalence of RI is greatly underestimated if serum creatinine level instead of eGFR is used to define renal function.
We also used a more differentiated categorization of renal function than suggested in guidelines and found that mortality increased gradually. Among patients with moderate RI, mortality almost doubled among those with eGFR 30-45 mL/min compared with those with eGFR 45-60 mL/min. This may indicate that the definition of renal function in current guidelines 11 may be too crude to fully capture the long-term risk of death and MI associated with RI in patients post-CABG.
Study strengths and limitations
A strength of the present study was that all patients undergoing a first isolated CAB during a time period of 15 years at our institution were included. In addition, during the entire study period, serum creatinine concentrations were analysed at one laboratory by the same method, 12 assuring us consistent assessment of renal function. The Swedish National Cause-of-Death Register has a high completeness and there was essentially no loss of deaths during the follow-up. We identified new cases of MI in the study population using information from national or regional registers of hospital discharges and deaths. The diagnostic information was based on the routinely recorded hospital discharges and death certificates, in which no uniform diagnostic criteria were applied. The present study covers a 15 year period and during this time, there were changes in the application of diagnostic criteria of MI in Sweden, in particular, by an increased use of more sensitive enzymes. Most patients in the present study were living in Stockholm and during the study period similar diagnostic criteria for MI based on symptoms, ECG findings, and typical enzyme changes were employed at all emergency hospitals in Stockholm. The diagnostic quality at hospitals in Stockholm has been evaluated in repeated studies and found to be high during the study period. 24, 25 In spite of this, some events were unrecognized, including silent cases, and some were erroneously diagnosed as MI. It is unlikely that any misclassification of MI was related to RI and the most probable effect is a dilution of observed associations.
We were also consistent in our definition of RI following current guidelines. 11 Information on smoking status was not available to us. However, in earlier studies on the prognostic importance of RI after CABG, smoking has not been more prevalent among patients with RI compared with those with normal renal function. 8, 9 Since we only knew if the patients had hypertension and hyperlipidaemia or not, and the level of blood pressure or lipids were unknown, we could not fully adjust for these confounders. It is also possible that other confounding factors were either only partially controlled for or unknown to us. Thus, it is likely that some residual confounding influenced the associations observed. In view of the strong and graded association between RI and mortality and MI, it seems unlikely that this can fully explain our main results. Furthermore, we do not know if patients with RI received cardio-or renoprotective medication as statins, betablockers, aspirin, and angiotensin-converting-enzyme inhibitors or other cardiovascular drugs to a lesser extent than those with normal renal function, which has been reported. 20 Coronary angiography is known to affect serum creatinine levels transiently. In patients with unstable angina, we did not know the timing of the angiogram to the measurement of creatinine. Relying on one measurement of serum creatinine may therefore lead to misclassification of renal function. Most patients had stable CHD and the angiography was performed several weeks before blood samples were taken and therefore not affecting the level of creatinine recorded. A misclassification of renal function by a transient rise in creatinine levels tend to underestimate relative risk estimates for moderate or severe RI and is thus unlikely to explain our findings.
Post-operative creatinine levels were not known to us. Thus, we could not assess the importance of post-operative worsening renal function on long-term prognosis.
Conclusions
RI is common among patients undergoing CABG. Already mild RI is associated with increased long-term mortality and moderate or severe RI with incident MI within 5 years of CABG. In both men and women undergoing CABG, moderate and severe RI is a long-term predictor of mortality and MI.
